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Using charge accumulation imaging, we measure the charge flow across an incompressible strip 
and follow its evolution with magnetic field. The strip runs parallel to the edge of a gate deposited 
on the sample and forms at positions where an exact number of integer Landau levels is filled. An 
RC model of charging fits the data well and enables us to determine the longitudinal resistance of 
the strip. Surprisingly, we find that the strip becomes more resistive as its width decreases. 
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The edge state picture of transport in a 2-dimensional 
electron gas in a strong magnetic field appears to explain 
several key properties of the 2DEG in the quantum Hall 
effect (QHE) regime. The intersection between the con- 
stant Fermi energy and the Landau-level energy near the 
edge of the 2DEG determines the spatial location of the 
edge states. In a self-consistent electrostatic picture, edge 
channels are separated by incompressible strips of inte- 
ger Landau level filling . Resulting models involving 
alternating compressible and incompressible strips have 
received considerable theoretical and experimental atten- 
tion In particular, groups have employed various 
local techniques |^- |Io|l to resolve the structure of these 
strips l^- |Io|l . Subsurface Charge Accumulation (SCA) 
imaging enables measurements of both the disorder po- 
tential and imaging of low compressibility strips in the 
integer QHE 0. 

In this work, we use SCA to image and characterize 
the charging properties of the incompressible strips that 
form in the 2DEG in the presence of a density gradient. 
The electron gas charges by pumping charge to it across 
an incompressible strip. We show here that a simple RC 
charging model fits the data well. Using this model we 
determine the strip resistance R s trip as a function of mag- 
netic field and find surprisingly, that the strips become 
more resistive as their widths decrease. 

Our samples are made from a standard GaAs/AlGaAs 
heterostructure with a carrier concentration of 1.5 x 10 11 
cm~ 2 and transport mobility of 1.5 x 10 6 cm 2 /V sec. 
The 2DEG forms at the GaAs-AlGaAs interface 80 nm 
beneath the surface. We deposited a Cr gate on top of 
the sample, lithographically patterned in the form of a 
fingered grating (see schematic in Fig. 1). An ac excita- 



tion of 6 mV rms at a frequency of 100 kHz is applied 
to both the gate and the 2DEG. Due to its capacitance 
to the grounded body of the scanning microscope, the 
2D electron layer charges and discharges in response to 
the applied signal. By measuring the charge induced on 
a sharp metal tip scanned ~ 10 nm above the sample 
surface at a temperature of 0.35 K, we obtain a charg- 
ing map of the 2DEG. Both the signal in-phase with and 
lagging 90° from the ac excitation are recorded using a 
lock-in amplifier. 

Figure la presents a 12 x 12 \im SCA image at zero 
magnetic field. These images result from scanning the tip 
over an ungated portion of the sample situated between 
two gate fingers that run parallel to each other. The scan 
window is positioned so that only one finger appears on 
the left. In the absence of magnetic field, the 2DEG 
maintains high conductivity and thus charges uniformly 
in phase with the applied ac excitation. As a conse- 
quence, the signal lagging the excitation (Y-phase) is zero 
everywhere and the corresponding image (not shown) dis- 
plays no contrast. The picture changes dramatically in 
applied magnetic field. At 6.4 Tesla (close to filling factor 
v = 1), charge flowing from the gates, now penetrates the 
2DEG only partially (Fig. lc). In addition, the Y-phase 
signal in Fig. Id peaks at the boundary between charging 
and non charging regions. 

In this work, we do not apply any external bias voltage 
on the gate. However, the electronic density under the 
metal (chromium) gate is reduced by about 15% from 
its bulk value due to the difference in chemical poten- 
tial between the metal and GaAs. As a result of this 
density profile, at high magnetic fields an incompress- 
ible strip, running parallel to each finger, forms in re- 
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gions where electrons completely fill a Landau level. In 
these areas cr xx — > 0, and the strip prevents charge from 
flowing freely into the interior of the sample, exactly as 
depicted in Figure lc. The regions of the 2DEG with 
very low conductivity give rise to a phase lagging SCA 
signal (Fig. Id). Decreasing the strength of the applied 
magnetic field reduces the degeneracy of the Landau lev- 
els. The strip, as well as the boundary that separates 
charging from non charging regions, moves closer to the 
fingers where the density is lower. By following this evo- 
lution with field, we determine that the 2DEG electron 
density is nearly constant between the gate fingers but 
decreases closer to the gate. We find a density gradient 
of « 1.2 x 10 10 cra -2 /im -1 close to the gate. By mov- 
ing our scan window laterally along the fingers of the 
gate, we have verified that neighboring strips may close 
on each other at certain locations, forming closed loops 
with the 2DEG inside electrically isolated from the rest 
of the electron layer. 




FIG. 1. 12x12 fim SCA images: (a) B=0 T in-phase sig- 
nal; (c) 6.4 T in-phase and (d) 6.4 T out-of-phase. (b) sam- 
ple schematic. The in-phase images (a and b) show the gate 
(bright region on the left side of the images), which is closer 
to the scanning probe than the 2DEG, resulting in a larger ca- 
pacitance signal. Incompressible strips at v — 1 form close to 
the edge of the gate and separate regions of v < 1 from those 
where v > 1 (sample interior). Another gate sits at ~ 1/xra 
off to the right of the images. White lines are described in 
the captions for Fig. 3 and 4. 

The work-function difference between the Pt-Ir scan- 
ning tip and the GaAs surface results in an electric field 
that perturbs the electronic density of the 2DEG in the 



vicinity of the tip. As described elsewhere pl[| , we per- 
form Kelvin probe measurements and apply a bias volt- 
age to the tip that nulls this electric field. For values 
away from this nulling voltage, the probe acts as an ef- 
fective gate on the sample. Fig. 2 shows scans of a 12x12 
jim region at 6.3 Tesla for different tip biases. With the 
local density under the tip reduced, the condition for in- 
teger filling of the v = 1 Landau level is satisfied at a 
region with higher intrinsic electron density. As a result, 
the location of the observed strip changes and shifts to- 
wards the interior of the imaged region. The resulting 
density suppression, though local, extends to ~ \\im and 
connects regions that would otherwise be separated by 
incompressible fluid. 

The shapes of areas with high out-of-phase signal in 
Fig. 2d resemble sets of arcs. The centers of the arcs 
are located roughly along the strip position measured at 
nulling voltage in Fig. 2a suggesting the following non- 
local gating mechanism: bringing the biased tip on-top 
of a high density region that does not charge at nulling 
voltage may reduce the density and permit charging. In 
this case, there must exist a path between the tip loca- 
tion and the gate, where the filling factor is everywhere 
less than the nearest integer. The density perturbation 
induced by the tip decays sharply in the lateral direction. 
Crucial points along this path are situated at the strip 
location as measured at nulling. Indeed, in many cases 
the centers of the arcs such as seen in Fig. 2d, point to 
the location of features in the unperturbed images (see 
for example the feature in Fig. 2a marked by V). We 
postulate that each arc indicates tip locations where the 
tip influence on the "weak link" in the strip is the same 
]l2[ . On one side of the arc, the weak link is open and 
the area under the tip charges fully. On the other side of 
the arc, the weak link is closed and the area under the tip 
becomes effectively disconnected from the gate (Fig. 2b). 

We can counter changes in the position of the strip 
created with the tip bias by properly tuning the mag- 
netic field. At v = 1, the incompressible strips appear 
at the same location if we change both magnetic field 
and tip voltage at a rate of dV/dB=0.5 V/T. At v = 2 
we find that dV/dB=1.0 V/T creates the same effect. 
This demonstrates that density changes are compensated 
by varying the number of electrons that each level can 
accommodate. The voltage required for compensation 
should be proportional to the filling factor, in agreement 
with the experiment. All SCA images and measurements 
reported in this paper, other than those in Fig. 2 c and 
d, result from scans taken at nulled tip-sample electric 
field. 

We now describe the results of SCA measurements 
obtained by scanning the tip along single lines shown 
schematically in Figure 1. The boundary between the 
gate finger and the bare sample occurs at x ~ 1.5/ira 
(distance of 1.5 jam from the leftmost point of the line 
scan). The magnitude of the resulting signal step reflects 
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FIG. 3. Frequency dependence of the measured capaci- 
tance signal at 6.52 T, as extracted from the traces in the 
left inset. The solid curve is an RC model fit to the data 
points. Left Inset: In-phase SCA signal from line scans at 10, 
30 and 100 kHz. Thick bottom line is frequency independent 
and corresponds to the sensitivity calibration trace measured 
at 6.44 T. Data are measured at a different sample location 
from the one corresponding to Fig. 3. Right Inset: Degree of 
charging of the 2DEG measured for different tip-sample sep- 
arations at 1, 10, 50, and 100 kHz. Data points are derived 
from line scans at 6.40 Tesla at the same location where mea- 
surements for Fig. 3 were taken (solid line in Fig. 1 c and 
d). Reduction of C g due to the increase in d leads to faster 
charging of the electron layer. 

Figure 3 shows that the formation of the strip on the 
high field side of the Hall plateau (B=6.5 T) begins to 
impede charging of the interior v > 1 region of the sample 
(Fig. 3, distance > 4/i). At 6.46 and 6.42 T, we observe 
a somewhat higher strip resistance, but the interior can 
still be partially charged during the ac excitation cycle, 
as evidenced by a nonzero phase lagging signal. With de- 
creasing field, the in-phase and phase lagging signals in 
the interior v > 1 region further drop and eventually sat- 
urate beyond B=6.38 T. Further reduction of the field 
simply pushes the strip closer to the edge of the gate 
and leaves magnitude of the signals in the interior un- 
changed. We conclude that the resistance across the strip 
steadily grows as the strip moves closer to the gate, and 
at B=6.38 T the strip becomes practically impenetrable 
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FIG. 4. Evolution of scans taken along the solid white line 
of Figure 1 with magnetic field. Note the different vertical 
scales for the in-phase and out-of-phase curves. Charging of 
the sample interior becomes less efficient as the field is low- 
ered. The strip is most resistive at 6.38 T where the Y-phase 
signal goes through a peak and returns again to almost zero 
level. 

We use the corresponding step So in the in-phase sig- 
nal between the fully charged and totally non-charged 
regions that the strip separates (bold trace in the left 
inset of Fig. 4), to calibrate the sensitivity of our mea- 
surement to full charging. We can therefore determine 
precisely the degree of charging of the 2DEG in the re- 
gion between the strips at different fields for a range of 
frequencies and express it as a fraction q of So- Figure 
4 plots q against frequency using data from the curves 



in the left inset. The smooth curve fits the data points 
using the RC model discussed earlier and works remark- 
ably well. We have performed extensive measurements 
at several different locations within the sample and find 
consistent agreement with the RC model. 

We can now extract directly the resistance, R, of the 
strip by assuming that the value for C is the known ge- 
ometric capacitance C g between the tip and the 2DEG. 
We justify this assumption below in an examination of 
the effects of changing the tip-sample separation. C g is 
determined by measuring the signal change at zero mag- 
netic field, as we move the tip vertically from 'infinity' to 
within 10 nm from the sample surface, yielding C g ~ 0.5 
fF. In addition, since strips form closed loops in our ex- 
periment, we are able to follow them to their full extent 
and hence measure exactly their total length. For the fit 
in Fig. 4 we obtain RC = 2 x 10 -6 s and deduce that at 
6.52 T (y = 1), R s tri P ~ 100 Mtt/^m. This resistance 
increases by 1 order of magnitude to « 1000 MQ/fim at 
B=6.48 T. We find that at a field of 6.44 T, the strip re- 
sistivity rises beyond our measurement limit of ~ 10000 
MQ/jam. The results reproduce consistently at different 
locations throughout the sample. 

We have also measured the strip resitances at v = 2 
and 4. The strip resistivity is « 10 MQ/fim at B=3.26 T 
and w 400 MQ/fim at 3.24 T (corresponding to v = 2). 
For B=1.60 T {y = 4), we get R 3trip ~ 1 MQ/fim. This 
result follows naturally, since at v = 4 the energy gap %uo c 
is smaller and the strips should be narrower Q. Tem- 
perature dependent measurements of the strip resistiv- 
ity, could elucidate the mechanism responsible for charge 
penetrating the incompressible strip (i.e. electron tun- 
neling or hopping). However, these measurements prove 
difficult with our apparatus. 

The effects of changing tip height are depicted in the 
right inset of Fig. 4. The corresponding line scans are per- 
formed at 6.40 T at the same location as the data set in 
Fig. 3. The capacitance data points are extracted at the 
same frequencies for 3 different tip-sample separations, 
d = lOnra, lOOnra and 300nm. Their strong dependence 
of charging rates on d implies that the geometric capac- 
itance C g between the probe and the sample dominates 
over the self-capacitance of the region of the 2DEG lo- 
cated to the right of the strip. We obtained similar results 
for lower field values up to the point where the strip be- 
comes totally impenetrable. Indeed, C se if ~ e^a ~ IfF, 
with a being a characteristic length scale of the 2DEG 
region enclosed by the strip (~ 10/im), is about one or- 
der of magnitude less than the value calculated for C g in 
our experiment. Consequently, C g seems to be the rele- 
vant parameter in our model and its known value may be 
used in determining the strip resistance from the prod- 
uct RC g . From Fig. 4 we also note that, as expected, the 
2DEG charges faster as d increases and C g is reduced. 
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